We propose a network coding aware instantaneous recovery scheme based on optimal traffic splitting that determines a set of K + 1 disjoint paths which minimizes the total cost of network resource utilization. A traffic demand is equally split into K equal parts and sent along K disjoint paths, and the K + 1th path is provided to carry simultaneously the network coded traffic of all the equally divided traffic for instantaneous recovery upon occurrence of failure.
Introduction
Resilience is one of the key concerns in modern optical communication networks due to the huge concentration of capacity in optical fibers. Failure of one optical fiber may result in great data loss and massive service disruption to many customers. Thus, fast and efficient resilience schemes need to be provisioned to ensure service continuity in the event of network element failures. Moreover, it is desirable to keep the capital expenditures, i.e., the cost of network equipments as low as possible while choosing an appropriate resilience mechanism.
We consider the problem of protecting traffic demands between sourcedestination pairs against any single link failure. Our aim is to provide instantaneous recovery with 100% guarantee of data recovery upon occurrence of failure, while minimizing the total cost of network resource utilization. We are interested in the case of splitting the traffic demand into more than one sub-flow in order to achieve our stated goal.
Instantaneous recovery means that, if a working path becomes unavailable, only the destination node switches over to another path to maintain uninterrupted communication, where any other node on the working path does not have to perform any switching operation. In the conventional 1+1 protection two copies of the same data are sent on two disjoint paths, working and backup paths. Upon failure of the working path only the destination node switch over to the backup path which leads to the much desired instantaneous recovery feature, but double of the resources are needed.
The works in [1, 2] introduce two different models of network survivability against single link failure using network coding (NC). The scheme presented in [1] uses the NC technique to reduce the total cost of network resource utilization for 1+1 protection in the scenario with two sources and a common destination, while maintaining the 1+1 protection's instantaneous recovery feature. However, the encoding is achieved at the intermediate nodes, and, since traffic flows originate from different sources, flow synchronization [3] is necessary at the intermediate nodes before encoding is performed.
The work in [2] presents an NC-based instantaneous recovery scheme against single link failure for single-source single-destination scenario. In [2] the traffic demand per communication round is split into two equal sub-flows, and sent along two disjoint paths, while the two sub-flows are encoded and sent simultaneously onto a third disjoint path which aids in the instantaneous recovery upon a failure.
Dividing the traffic demand between a source-destination pair into equal parts, and sending them onto disjoint paths reduce the bandwidth requirement on each utilized path. Therefore, the more we divide the traffic demand, the less bandwidth is required on each utilized path. However, increasing the number of disjoint paths incurs extra costs. There should be a tradeoff between the number of traffic splitting, K, and the total cost of all the disjoint paths. Note that no NC is employed when K = 1, which in this case is the conventional 1+1 protection scheme. The study [2] considers the case of K = 2, and does not provide an optimum value of K that minimizes the total cost of network resource utilization.
Motivated by the issue mentioned above, this paper proposes an NCaware instantaneous recovery scheme that determines an optimal K that minimizes the total cost of network resource utilization. 
Proposed scheme
The proposed scheme is illustrated in Fig. 1 . The traffic demand between the source s and destination t is split into K equal parts, and sent onto K disjoint paths. All the equally divided parts are network coded using the simple exclusive-OR (XOR) operation at the source node s, and sent simultaneously via a K + 1th disjoint path to the destination. The instantaneous recovery feature is achieved in the proposed scheme by the introduction of the K +1th disjoint path which carries the encoded data while K disjoint paths carry plain data. If a link fails, the destination node detects the failure, and forms the XOR of the encoded data on the K + 1th path and the remaining plain data on K − 1 working paths to instantaneously recover the lost data due to the failure.
The network G(V, E) is represented as a graph, where V is the set of vertices (nodes) and E is the set of directed edges (links). A link from node
i ∈ V to node j ∈ V is denoted as (i, j) ∈ E. x k ij is the binary routing variable. If path k is routed through link (i, j) ∈ E, then x k ij = 1 or else x k ij = 0, and M = {1, 2, · · · , K + 1}. c ij is the cost of using link (i, j) ∈ E per unit of traffic demand, d st is the traffic demand from source node s to destination node t, measured in bit/s. It is assumed that the network is at least bi-connected for each source-destination pair to facilitate the use of 1+1 path protection. The encoding is performed at the source, while the decoding is perfomed at the destination.
We present an integer linear programming (ILP) formulation to determine the minimum cost of the set of K + 1 disjoint paths for each value of K. The value of K for which the total cost of the K + 1 disjoint paths is minimum is the optimum traffic splitting number. Our objective function is as follows:
where
subject to:
The objective function in Eq. (1a) selects the optimum value of K that minimizes the total cost of network resource utilization, where the term d st K represents the traffic demand per utilized path. Eq. (1b) minimizes the total cost per unit of traffic demand of the K + 1 disjoint paths in the network. Eqs. (1c) and (1d) express flow conservation constraints at the source node and at intermediate nodes, respectively. The path disjoint constraint is shown in Eq. (1e), which states that different paths do not share any common link. The binary routing variable is described by Eq. (1f).
Results and discussion
We investigate via simulation the cost of network resource utilization of the proposed scheme. The ILP problem is solved by using the open-source linear programming solver GLPK [4]. Our examined network is shown in Fig. 2 . We assume a traffic demand (d st = 12) between the source-destination pair in the network. Fig. 3 shows that the proposed scheme finds the optimum traffic splitting number K = 3 that minimizes the total cost of network resource utilization in the analyzed network. In Fig. 3 , the total cost of network resource utilization is normalized by that with K = 1.
The application of NC reduces the total cost of utilized network resources. Let R NC and R non−NC be the total cost of network resource utilization with NC and without NC by applying 1+1 protection, respectively. The network coding gain for the proposed scheme is defined as follows:
The proposed scheme achieves a network coding gain of 21% compared to the conventional 1+1 protection (for K = 1) in the considered network. The result in Fig. 3 also shows that, the total cost of network resource utilization first starts decreasing with the increasing of number of traffic splitting K, as it reaches the optimum traffic splitting value K, soon thereafter it begins to go upward again as the values of K go on increasing. Reason being that, with higher values of K, the disjoint paths between the source-destination pair tend to be longer, resulting in higher cost of network resource usage. Thus, the higher the values of K result in higher total cost of network resource utilization. 
Conclusion
This paper proposed an NC-aware instantaneous recovery scheme that determines an optimum value of traffic splitting K (K ≥ 1) to minimize the total cost of network resource utilization. Traffic simulation result has shown that the proposed scheme effectively reduces the total cost of network resource utilization compared to the conventional 1+1 protection scheme (for K = 1), while maintaining the much desired instantaneous recovery feature in the case of any single link failure.
